Remote oxy-functionalization of methyl 3α-acetoxy-and 3-oxo-5β-cholan-24-oates with 2,6-dichloropyridine (DCP) N-oxide catalyzed by (5,10,15,20-tetramesitylporphyrinate) ruthenium (II) carbonyl complex [Ru(TMP)CO] and HBr was compared with that with dimethyldioxirane (DMDO). Treatment of the 5β-steroids with DMDO afforded the corresponding 5β-and 17α-monohydroxylated and 5β,14α-and 5β,17α-dihydroxylated compounds. On the other hand, the corresponding 20S-mono-and 5β,20S-dioxygenated derivatives (as the γ-lactones), along with 5β-hydroxy compounds, were found to be the major oxidation products of the 5β-steroids with the DCP N-oxide / Ru(TMP)CO / HBr system. Both the reagents oxidized unactivated methine carbons stereoselectively, but the degree of regioselectivity depended upon the oxidants employed and the structure of the hydroxyl-protecting groups at C-3 (acetoxyl or carbonyl) of the substrates.
Introduction
The cytochrome P-450 oxidase-dependent system in vivo catalyses effectively the key transformation of unactivated carbon atoms of cholesterol to give various steroid hormones. In analogy with cytochrome P-450, the regio-and stereoselective remote oxy-functionalization (i.e., hydroxylation and ketonization) of unactivated hydrocarbons by non-microbial or non-enzymic methods is of particular interest from the viewpoint of biomimetic chemistry and/or artificial enzymes for obtaining bioactive steroids by short steps from abundantly available sterols and bile acids. For this purpose, a variety of versatile oxygen-transfer reagents and catalysts associated with cytochrome P-450 has been developed recently by many groups of workers. 1 Our previous papers have reported the utility of dimethyldioxirane (DMDO; see Figure 1 ) as an effective oxygen-donating reagent against unactivated carbons in 5β-steroids. [2] [3] [4] However, the use of DMDO appears to be limited to oxidizing C-20~-23 side-chain carbons in 5β-cholanoic acid derivatives. Meanwhile, a number of metalloporphyrins closely related to the iron porphyrin complex (heme) present in the active center of cytochrome P-450, has also been reported as attractive oxidant systems for oxidation reactions. 5 Recently, the successful use of a reagent system consisting of 2,6-dichloropyridine (DCP) N-oxide as an oxygen-transfer reagent and (5,10,15,20-tetramesitylporphyrinate) ruthenium (II) carbonyl complex [ruthenium porphyrin, Ru(TMP)CO] in the presence of HBr as catalyst, introduced by Higuchi et al., 6, 7 prompted us to examine the system in the biomimetic oxidation of 5β-steroids, because it resulted in effective remote oxyfunctionalization of the side chain carbons in 5α-cholestane.
As part of our ongoing work on efficient and short-step syntheses of biologically important steroids, we report herein a comparative study of remote oxy-functionalization of unactivated methine and methylene carbons in methyl 3α-acetoxy-5β-cholan-24-oate (1) and methyl 3-oxo-5β-cholan-24-oate (2) by DMDO and DCP N-oxide / Ru(TMP)CO / HBr system. 
Results and Discussion
DMDO and DCP N-oxide were employed as oxygen-donating reagents, and Ru(TMP)CO and HBr as catalysts, for the DCP N-oxide oxidation 7 of the oxy-functionalization of unactivated methine and methylene carbons of the substrates, 1 and 2. As shown in Scheme 1, oxidation of 1 with DMDO for 36h at room temperature afforded the expected 5β-monohydroxylated-(3) and 5β,17α-dihydroxylated-compounds (4) 3,8 as the major products in 48 and 36% yields, respectively. The result for 1 with DMDO differed from that observed with the DCP N-oxide / Ru(TMP)CO / HBr system. Thus, treatment of 1 with the system for 48 h at 50 °C gave three oxidation products, one of which was identical with 3 (54%). However, the remaining two components were characterized as methyl 3α-acetoxy-5β-hydroxy-15-oxocholan-24-oate (5; 11%) and (20S)-3α-acetoxy-5β-hydroxy-cholane O-24,20-lactone (6; 11%). The number and positions of oxygenation, as well as γ-lactone formation, were confirmed by the 1 H-and 13 C-NMR (Table 1) and GC-MS analyses, compared with those of analogous steroid derivatives reported previously. 3, 8 In 5, the regioselective ketonization of the unactivated methylene carbon at C-15 in 1 was the sole example in this study, and may have occurred by successive oxidation of an intermediary 5β,15ξ-dihydroxy compound. 7 In 6, the formation of the γ-lactone derivative probably arises from intramolecular esterification between the 24-carboxyl group and 20S-hydroxyl group via a possible (20S)-3α-acetoxy-5β,20-dihydroxy intermediate, in analogy with the direct 20S-hydroxylation of 5β-cholestane. 7 Alkaline hydrolysis of 6 with methanolic KOH, followed by acidification with H 2 SO 4 yielded (20S)-3α,5β,20-trihydroxycholan-24-oic acid. Thus, the stereochemical configuration of the asymmetric center at C-20 was completely retained in the reaction (20β-H to 20β-OH). When 2 was subjected to DMDO oxidation for 24 h at room temperature, three reaction products (7-9) were isolated in nearly equal amounts (17-24%), after careful chromatographic purification. Those compounds were identified as methyl 5β-hydroxy-3-oxocholan-24-oate (7; 17%), methyl 17α-hydroxy-3-oxo-5β-cholan-24-oate (8; 20%), and methyl 5β,14α-dihydroxy-3-oxocholan-24-oate (9; 24%).
On the other hand, oxidation of 2 with the DCP N-oxide / Ru(TMP)CO / HBr system for 12 h at 50°C yielded four major reaction products, one of which was identical with the 5β-hydroxylated derivative 7 (30%). After chromatographic purification, the three remaining components were characterized as (20S)-3-oxo-5β-cholan-O-24,20-lactone (10; 17%), (20S)-5β-hydroxy-3-oxocholan-O-24,20-lactone (11; 19%), and methyl 3-oxo-4-cholen-24-oate (12; 3%). The formation of a small amount of 12 may be derived by elimination of the 5β-hydroxyl group of 7.
As mentioned above, the oxygen-transfer reaction induced by DCP N-oxide / Ru(TMP)CO / HBr produced a variety of novel mono-and di-oxygenated compounds in one step, and the resulting components differed from those obtained by DMDO. A comparison of the oxyfunctionalization of the 5β-steroids, 1 and 2, by the DMDO and DCP N-oxide / Ru(TMP)CO / HBr system revealed the following similarities and differences. As has been reported previously, 3, 7 5β-hydroxylation in 5β-steroids is essential for both the oxidants. In addition, 17α-and 14α-hydroxylations are characteristic for DMDO oxidation, while 20S-hydroxylation and 15-ketonization are given by DCP N-oxide / Ru(TMP)CO / HBr oxidation. In all cases, hydroxylation of a methine hydrogen (C-H) retains completely the stereochemical configuration of the resulting tertiary C-OH. 
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Values in parentheses refer to yields (%) determined by capillary GC. 
Scheme 1
Particularly noteworthy in the DCP N-oxide / Ru(TMP)CO / HBr oxidation is 20S-hydroxylation via the corresponding O-24,20-γ-lactone, which is much more effective for 2 than for 1. When the oxidant system is used, the presence of a carbonyl function at C-3 in 2 diminishes 5β-hydroxylation, but it accelerates remote 20S-oxygenation, as compared with that of 1 having an acetoxyl group. A similar trend was also found between 1 and 2 with DMDO oxidation. The above results suggest that variation of electron density caused by the electronwithdrawing function at C-3 on the 5β-steroid nucleus is important factor. 
Experimental Section
General Procedures. Melting points (mp) were determined on a microstage apparatus and are uncorrected. IR spectra were obtained in KBr discs on a Bio-Rad FTS-7 FTIR spectrometer. Ruthenium porphyrin complex, Ru(TMP)CO, was prepared by a slight modification of the method of Rillema et al.
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General procedure for the oxidation with DMDO To a solution of steroid (1 mmol) in CH 2 Cl 2 (6 ml) was added a freshly prepared solution of DMDO (2 mmol; 6 ml) in CHCl 3 . The mixture was left at room temperature for 12 h, and excess DMDO and solvent were evaporated off under reduced pressure. The above procedure was repeated for 2-3 runs (24-36 h) with monitoring by TLC. After the reaction, the product was purified by passage through an open column of silica gel (70-230 mesh, 60 g), eluting with benzene-EtOAc (9:1-6:4, v/v) mixtures and then by NP-MPLC on silica gel (230-400 mesh, 21 g), eluting with benzene-EtOAc (9:1, v/v).
General procedure for the oxidation with DCP N-oxide catalyzed by ruthenium porphyrin in the presence of HBr
To a magnetically stirred solution of steroid (1.3 mmol) and molecular sieves (850 mg; 4Å) in benzene (3 ml) were successively added DCP N-oxide (630 mg), ruthenium porphyrin complex (5 mg), and then HBr (50 µl). The mixture was stirred at 50 °C for 12-48 h, and the reaction product was extracted with benzene. The combined organic layer was washed with water, dried with Drierite, and evaporated to dryness. The oily residue was chromatographed on a column of silica gel (60 g), eluting with benzene-EtOAc (9:1-6:4, v/v) mixtures and then by NP-MPLC on silica gel (230-400 mesh, 21 g), eluting with benzene-EtOAc (95:5, v/v). (20S)-3α,5β ,20-Trihydroxycholan-24-oic acid. The usual alkaline hydrolysis of the lactone 6 with 5% methanolic KOH, followed by acidification with 10% H 2 SO 4 , gave the desired free acid, which was recrystallized from EtOAc as a colorless amorphous solids: mp, 296-298°C. 
Oxidation Products of Methyl 3α-acetoxy-5β-cholan-24-oate with DMDO Methyl 3α-acetoxy-5β,17α-dihydroxycholan-24-oate (4).

